The coronary stent treatment, that is one kind of Percutaneous Coronary Intervention (PCI), is a general treatment to the angina pectoris. However, the stent has some problems such as a fracture after implantation and restenosis. One reason of the stent fracture is due to the cyclic load by the heart pulse after implantation. To avoid the stent fracture and restenosis, understanding the mechanical behavior of stents and an appropriate selection of stents are important. Since stent products have quite different design and material, standardizing the quantitative assessment of mechanical property of different stent products is required. In this study, fatigue tests were performed to compare mechanical properties (tensile fatigue and torsional fatigue properties) of four types of stent. Additionally, finite element analysis (FEA) was performed to analyze fatigue behavior of stent in tensile and torsional loading direction. Fatigue Safety Factor (FSF) was used to evaluate fatigue property in the analysis. The results had different tendency of fatigue life between tensile and torsional fatigue tests. The fracture part in fatigue test was consistent with the stress concentration zone analyzed by FEA. Fatigue strength of four types of stents could be estimated by FSF. It is concluded that the fatigue behavior can be evaluated using FEA.
Introduction
A stent treatment is used in various part of human body as bile duct, esophagus, brain blood vessel and coronary artery. The most common part treated by stents is coronary artery. A stent is the metallic cancellous tube. Generally dimensions of stent are 10 to 50 mm in length, 2.0 to 5.0 mm in diameter and about 0.1 mm in thickness, depending on the target position in coronary artery. Materials mainly used in stents are SUS316L, MP35N, L605, etc. A stent is inserted into stenosed part of vessel and expanded by balloon. Finally balloon and wire are removed and only the stent is implanted for a long period. Because of its simple and speedy operation, coronary stent treatment, that is one kind of Percutaneous Coronary Intervention (PCI), is the main treatment to angina pectoris. About 1.5 million stents are used in the United States every year, and Japan has become the second largest market of stent. However, stent has some problems such as stent fracture after implantation. Umeda et al. 1) reported that stent fracture has some relation to restenosis. Sianos et al. 2) reported that fatigue fracture was caused by cyclic loading of pulsation. To avoid stent fracture and restenosis, understanding mechanical behavior of stents and appropriate selection of stent are important. To make optimal choice of stent, the quantitative assessment of mechanical property of different stent products is needed because design, material and manufacturing method of stents are quite different among products.
Several mechanical properties are needed for stent because stent is subjected to complicated mechanical environment in coronary artery. According to the change of the curvature of coronary artery, stent experiences cyclic tensile stress. Moreover, Lu 3) reported that cardio vascular is twisted due to non-uniform deformation of the heart, therefore stent is also twisted in vessel. Therefore, stent requires high tensile and torsional fatigue strength. Since there have been only a few studies about torsion of stents recently, investigating torsional fatigue performance of stents is needed.
Finite Element Analysis (FEA) is one of the numerical calculation method for finding solutions to boundary value problems. FEA is not only used in structural mechanics but also in medical field; Ragkousis et al. 4) calculated stress distribution of the stent in a coronary artery of the specific patient, and Wu et al. 5) reported the optimization of the stent design to reduce the recoil of the stent using FEA. Hence FEA is a useful tool to investigate the mechanical performance of stents.
The objective of this research is to investigate the fatigue strength of various ready-made stents to standardize evaluating method of mechanical property of stent. Tensile and torsional fatigue tests were carried out to compare fatigue strength of different stents. FEA was also performed to estimate the properties.
Materials and Methods

Materials
Four types of stent (S-stent ) with different designs and materials were selected for this study. S-stent has six crowns, two bridges and is made from SUS316L. Integrity has ten crowns, two bridges and is made from MP35N. MULTI-LINK 8 has six crowns, three bridges and is made from L605. OMEGA has eight crowns, two bridges and is made from PtCr alloy. Only Integrity has square section and the others have circular section. Integrity is manufactured using welding and the others are manufactured using laser cut. Table 1 shows a summary of material and manufacturing method and design of stents.
Tensile fatigue test
Tensile fatigue tests were performed. Schematic diagram of experiment is shown in Fig. 1 . The tests were conducted using fatigue testing machine (Micro-servo MMT-100N, Shimadzu). To detect the strut fracture, an AE sensor (M304A, Fuji Ceramics) was attached on the jig. Frequency was set to be 5 Hz to 10 Hz. The maximum strain was from + Graduate Student, The University of Tokyo 
Torsional fatigue test
To examine torsional fatigue properties of four stents, torsional fatigue tests were performed. Schematic diagram of experiment is shown in Fig. 2 . The fatigue tests were conducted using servo motor (SV-M005CS, Keyence). To detect the strut fracture, an AE sensor (M304A, Fuji Ceramics) was attached on the jig. Frequency was set to be 1 Hz to 5 Hz. Torsional parameter was used to interpret results of torsional fatigue tests. Torsional parameter is represented as
where D is the inner diameter of stent, ª is the maximum torsional angle of jig and L is the length of stent sample.
At first, to verify the validity of T max , torsional fatigue tests were done for Integrity changing the number of links to four or eight. Then the tests were conducted for each samples. The maximum torsional angle was from 3 to 12, and angle ratio was ¹1, 0. Stent sample was cut to the length of two links and the inner diameter was 3.0 mm.
Finite element method
A finite element simulation was carried out using commercial software package Abaqus 6.13. The 2-link models of four stents were prepared as shown in Fig. 3 . The models were meshed by wire element with an average size of 10 µm to ensure reasonable approximation. Table 2 shows material parameters of SUS316L, MP35N, L605 and PtCr alloy used in the simulation. 610) All materials were presumed to be homogeneous, isotropic and elasto-plastic. Before implantation, stents experience crimping, expansion and recoil process. These steps were reproduced in FEA.
11)
The analysis sequences were as follows: (1) the initial diameter of the finite element model was 2.8 mm, (2) inner diameter was set to be 1.2 mm during crimping, (3) stent was expanded to 3.0 mm diameter and (4) stent was subjected to tensile and torsional displacement on one end while the other end was fixed. Figure 4 shows a plot of maximum strain as a function of number of cycle to failure of four stents obtained from tensile fatigue test. The experimental method was developed by Pang et al., 11) which is used to evaluate validity of simulation in that paper. Logarithm of number of cycles to fracture and logarithm of strain shows linear relation for all stents. MULTILINK 8 showed the lowest tensile fatigue life while the others had similar fatigue life. Figure 5 shows the results of torsional fatigue test for Integrity by changing the number of links to evaluate validity of torsional parameter. The results showed linear relation for different numbers of links, so it can be said that torsional parameter has good validity of evaluating fatigue life. Figure 6 (a) and (b) show plots of torsional parameter as a function of number of cycle to failure of four stents. Logarithm of number of cycles to fracture and logarithm of strain shows linear relation for all stents. S-stent showed the the lowest twist fatigue life. Other three stents had nearly similar properties when R = 0. On the other hand, Integrity stent revealed the highest fatigue life when R = ¹1 while the others had similar properties.
Results
Tensile fatigue test
Torsional fatigue test
Discussion
As shown in the previous sections, stents showed different behavior in tensile and torsional fatigue properties. S-stent had the lowest fatigue life, while MULTILINK 8 showed the lowest tensile fatigue life. Integrity stent had better rank of torsional fatigue life than that of tensile fatigue life. This result was assumed to be related to the difference of stress distribution and fracture place. As shown in Fig. 7 , fatigue fracture places were different between tensile and torsional fatigue tests. To explain these results, FEA was carried out in the following way.
To evaluate fatigue property with FEA, Fatigue Safety Factor (FSF) was used. FSF is represented as 12)
where · a , · m , · fat and · ts represent effective stress amplitude, effective mean stress, fatigue limit for completely reversed loading and ultimate tensile stress, respectively. There is a probability of fracture at the place where 1/FSF > 1. The following equation was used to determine effective stress amplitude and mean stress: where Á· xx , " · xx is calculated using stress components at the largest strain position and the smallest strain position of the tensile and torsional step. Figures 8, 9 show the fracture parts of Integrity stents observed in several fatigue tests and their inverse FSF distribution obtained from FEM analysis. The fracture took place at the part with the smallest FSF. Therefore, it could suggest that fracture part can be predicted by FEM. The same findings were also obtained with other stents.
The figure shows relationship between the number of cycle to fracture from experiments and minimum FSF from FEA in tensile and torsional fatigue test, where number of cycle to fracture is calculated using the experimental results (Fig. 4  and 6 ). In tensile fatigue property, MULTI -LINK 8 had the lowest fatigue life and it also had the lowest minimum FSF. In torsional fatigue property, S-stent had the lowest fatigue life and it also had the lowest minimum FSF. Therefore, it can be suggested that there is the relationship between minimum FSF and number of cycle to fracture and fatigue limit can be estimated using FSF.
There are some limitations using this evaluation method; the method is not effective when the displacement is too large or too small. If the displacement is too large, 1/FSF exceed 1 in many parts and a fracture part cannot be identified. On the other hand, if the displacement is too small, any fracture is not predicted and fatigue life cannot be estimated. Normally fatigue tests were carried out in elastic region and results has linearity according to Basquin law. In this paper, stents were displaced in plastic region, but the results had similar tendency to normal fatigue tests in the displacement which didn't exceed elastic region completely. The conclusion is that to use this method effectively, the test and FEA should be done in selected conditions.
Conclusion
(1) The results of tensile fatigue tests demonstrated 
